Here we estimated the accuracy of the InBios Scrub Typhus Detect™ immunoglobulin M (IgM) ELISA to determine the optimal optical density (OD) cut-off values for the diagnosis of scrub typhus. Patients with undifferentiated febrile illness from Chittagong, Bangladesh, provided samples for reference testing using (i) qPCR using the Orientia spp. 47-kDa htra gene, (ii) IFA ≥1:3200 on admission, (iii) immunofluorescence assay (IFA) ≥1:3200 on admission or 4-fold rise to ≥3200, and (iv) combination of PCR and IFA positivity. For sero-epidemiological purposes (ELISA vs. IFA ≥1:3200 on admission or 4-fold rise to ≥3200), the OD cut-off for admission samples was ≥1.25, resulting in a sensitivity (Sn) of 91.5 (95% confidence interval (95% CI: 96.8-82.5) and a specificity (Sp) of 92.4 (95% CI: 95.0-89.0), while for convalescent samples the OD cut-off was ≥1.50 with Sn of 66.0 (95% CI: 78.5-51.7) and Sp of 96.0 (95% CI: 98.3-92.3). Comparisons against comparator reference tests (ELISA vs. all tests including PCR) indicated the most appropriate cut-off OD to be within the range of 0.75-1.25. For admission samples, the best Sn/Sp compromise was at 1.25 OD (Sn 91.5%, Sp 92.4%) and for convalescent samples at 0.75 OD (Sn 69.8%, Sp 89.5%). A relatively high (stringent) diagnostic cut-off value provides increased diagnostic accuracy with high sensitivity and specificity in the majority of cases, while lowering the cut-off runs the risk of false positivity. This study underlines the need for regional assessment of new diagnostic tests according to the level of endemicity of the disease given the high levels of residual or cross-reacting antibodies in the general population.
Introduction
Scrub typhus, caused by Orientia tsutsugamushi, remains a significant acute febrile illness in most of Asia and northern Australasia, although recent studies indicate that its geographical range is expanding [1, 2] . Without effective diagnostics, the delayed treatment of patients with febrile illnesses may result in complications leading to death [3] . The most accurate diagnosis relies on the combination 2 of 9 of a method to detect the infectious agent such as a polymerase chain reaction (PCR) test, coupled with well-validated serological techniques [4] . Furthermore, the presence of clinical features increases diagnostic accuracy, that is, a thorough clinical examination to search for inoculation eschars will increase the likelihood of providing the correct diagnosis and treatment to the patient [5] .
Diagnosis of scrub typhus is hampered by an absence of commercial and validated assays, leading to a tendency to use conventional technologies that are labor intensive and expensive, and lack standardization, such as the immunofluorescence assay (IFA) [6] , due to issues related to diagnostic cut-off titers [7] and antigenic composition [8] . The in vitro culture of O. tsutsugamushi is not possible in the majority of locations, as it requires significant infrastructure, including continuous cell lines, experienced staff, and dedicated biosafety laboratories [9] . PCR is generally considered to be the most reliable diagnostic test upon admission; however, it requires significant levels of infrastructure and costly reagents, and despite improving the lower limits of detection, a positive result is only likely during the rickettsaemic phase of the infection [5] . Thus, combining PCR with antibody-based techniques may improve the possibility of detection.
Antibody-based diagnostic assays play an important role in sero-prevalence studies to determine the epidemiology of scrub typhus, as well as in reference assays and point-of-care testing [10, 11] . However, geographical locations of endemic disease patterns and their respective background cut-off levels for diagnosis require more consideration. This study evaluated the commercial InBios Scrub Typhus Detect™ immunoglobulin M (IgM) ELISA using a mixture of recombinant p56 kDa type-specific-antigens for the detection of O. tsutsugamushi IgM antibodies, to determine (a) its relationship to the current gold standard serological assay IFA, and (b) suitable diagnostic positivity cut-off levels for acute diagnostic and (c) for sero-epidemiology purposes based on a single serum admission sample at the scrub typhus-endemic locality of Chittagong, Bangladesh.
Materials and Methods

Samples
Patient recruitment and sample collection strategies have been described previously [12] . Briefly, patients admitted to the Chittagong Medical College Hospital (CMCH), Chittagong, Bangladesh, from August 2014 to September 2015 with an acute febrile illness and a history of fever for <3 weeks, and who were ≥12 years old, were enrolled in the study. Written informed consent was provided by all patients prior to their inclusion in the study, or by their relatives if the patient lacked the capacity to provide consent, or by their parents or guardians if their age was <16 years. Seventy-five serum samples were also collected from healthy controls. The study was approved by the CMCH ethics committee Bangladesh and the Oxford Tropical Research Ethics Committee (OxTREC) (study number: OxTREC 18-14). Admission and convalescent samples (7-14 days apart, where possible) were collected into ethylene diamine tetraacetic acid (EDTA) tubes and separated into packed cells and plasma prior to storage at −30 • C.
Reference Testing
Full details of the reference testing have been described previously [12] . Briefly, samples were tested with real-time PCR using the Orientia spp. 47-kDa htra gene and Rickettsia spp. 17-kDa gene. Positive results subsequently underwent confirmatory nested PCR assays with product sequencing, targeting the 56-kDa and 47-kDa gene targets for Orientia spp. and ompB qPCR, 17-kDa and gltA nPCR for Rickettsia spp., as previously described [13, 14] . For serology, paired plasma samples were tested by scrub typhus indirect immunofluorescence assays using slides coated with O. tsutsugamushi (strains Karp, Kato, and Gilliam) as previously described [4, 7, 11] . A stringent diagnostic positivity criteria was either an admission IgM titer ≥1:3200 or a 4-fold rise to ≥1:3200 in the convalescent sample [11] .
Scrub Typhus Detect™ IgM ELISA
The Scrub Typhus Detect™ IgM ELISA (Cat# STMS-1, InBios International Inc., Seattle WA, USA) uses recombinant p56kD type specific antigens of Orientia tsutsugamushi Karp, Kato, Gilliam, and TA716 strains to detect scrub typhus IgM antibodies. The manufacturer's methods were followed exactly. All sera were tested at a 1:100 dilution and the results read at 450 nm using a microplate reader (Thermo Scientific™ Multiskan™ FC) to give a final optical density (OD) result (OD@450 nm).
Analysis and Practical Assessment of Diagnostic Utility
To examine and compare the diagnostic utility of the InBios Scrub Typhus Detect™ IgM ELISA in a clinical setting, the following questions were posed and comparisons performed: To evaluate the suitability of the InBios Scrub Typhus Detect™ IgM ELISA for cross-sectional sero-prevalence studies, or for diagnostic screening purposes, we used two approaches; (1) application of the manufacturer's suggested method using the mean OD of non-scrub typhus cases and the addition of 3 standard deviations (SD) to determine the positivity cut-off and, (2) IgM ELISA cut-offs with an optimal sensitivity (Sn) and specificity (Sp) were calculated by comparing a range of IFA cut-off values with the ELISA OD results for the admission samples.
Question 3. In a patient presenting with suspected scrub typhus infection, how accurate are the ELISAs for the diagnosis of scrub typhus in absolute terms compared to reference assays (including non-serological assays) at various diagnostic cut-off values?
The InBios Scrub Typhus Detect™ IgM ELISA results for all the admission samples were compared with all reference assay results including independent diagnostic tests to determine comparative diagnostic results. A range of ELISA cut-off values (0 OD to 3.0 OD) were compared against a composite of reference diagnostic modalities: (i) PCR alone, (ii) IFA ≥1:3200 on admission, (iii) IFA ≥1:3200 on admission or 4-fold rise to ≥3200, and (iv) combination of PCR and IFA positivity (i.e., i + ii + iii + iv are referred to as the modified scrub typhus infection criteria (mSTIC)) to determine Sn, Sp, and area under the receiver operator characteristic curve (AUROCC) values [11] . Analyses were performed using the Diagt and ROCTAB commands (Stata/IC 15.0 for Mac, Stata Corp., College Station, TX, USA).
Results
Reference Assay Results
Patient Results
A total of 416 patients were enrolled into the study. The median number of days of fever prior to hospitalization was 10 (interquartile range: 7, 15). There were 412/416 (99%) of patient admission samples available for PCR or serology, and 253/412 (61%) patients were followed up to provide paired samples. Of the enrolled patients, 17% (71/412) had a diagnosis of scrub typhus by PCR and/or serology. Of the other rickettsial diseases tested, 3.6% patients (15/412) had Rickettsia typhi and 1.2% (5/412) Rickettsia spp. infections (Table 1) . Of the 665 samples tested (admission and convalescent), 476 samples gave IFA reciprocal titers of <1:100. The balance of the samples gave titers of 1:100 (n = 24), 1:200 (n = 18), 1:400 (n = 24), 1:800 (n = 11), 1:1600 (n = 12), 1:3200 (n = 18), 1:6400 (n = 8), 1:12,800 (n = 23), and ≥1:25,600 (n = 51). The distribution of the IFA titers with their relative ELISA ODs are presented in Figure 1 . Of the 665 samples tested (admission and convalescent), 476 samples gave IFA reciprocal titers of <1:100. The balance of the samples gave titers of 1:100 (n = 24), 1:200 (n = 18), 1:400 (n = 24), 1:800 (n = 11), 1:1600 (n = 12), 1:3200 (n = 18), 1:6400 (n = 8), 1:12,800 (n = 23), and ≥1:25,600 (n = 51). The distribution of the IFA titers with their relative ELISA ODs are presented in Figure 1 . Question 2. For sero-epidemiology or screening purposes, what is the optimal diagnostic ELISA cut-off value compared to a range of IFA titers? Approach 1: 75 healthy controls were tested. Two outliers were removed from the analysis (ODs 2.69 and 1.94) because they were significantly beyond what would be considered normal values for healthy individuals. The mean and SD of the ODs were 0.259 and 0.251, respectively. Using the manufacturer's cut-off formula of mean OD + 3 SD, the final ELISA OD cut-off value was 1.012, which was equivalent to an IgM IFA titre ≥3200. In the admission samples, Sn was 91.5 (95% confidence Approach 2: Using ELISA cut-off values (0 OD to 3.0 OD), diagnostic accuracy was assessed for an IgM IFA ≥1:3200 on admission or 4-fold rise to ≥3200 (Figure 2D-F) . Considering all samples, Sn ranged from 14.5% (95% CI: 22.0-8.8) at ≥3.00 cut-off OD to 85.5% (95% CI: 91.2-78.0) at ≥0.25 cut-off OD; Sp ranged from 73.5% (95% CI: 77.1-69.4) at ≥0.25 cut-off OD to 99.9% (95% CI: 100-99.0) at ≥3.00 cut-off OD; AUROCC ranged from 0.57 (95% CI: 0.54-0.60) at ≥1.25 and 1.50 cut-off OD to 0.87 (95% CI: 0.90-0.83) at IFA ≥1:3200 on admission or 4-fold rise to ≥3200 cut-off OD. Generally, Sn demonstrated wider 95% CIs than did Sp, which is a function of the lower number of positive samples relative to negative samples. Similar results were generated for admission only and convalescent only samples ( Figure 2D,E) , although Sn for convalescent samples was lower due to a number of false negative results. (Figure 2D-F) . Considering all samples, Sn ranged from 14.5% (95% CI: 22.0-8.8) at 3.00 cut-off OD to 85.5% (95% CI: 91.2-78.0) at 0.25 cut-off OD; Sp ranged from 73.5% (95% CI: 77.1-69.4) at 0.25 cut-off OD to 99.9% (95% CI: 100-99.0) at 3.00 cut-off OD; AUROCC ranged from 0.57 (95% CI: 0.54-0.60) at 1.25 and 1.50 cut-off OD to 0.87 (95% CI: 0.90-0.83) at IFA ≥1:3200 on admission or 4-fold rise to ≥3,200 cut-off OD. Generally, Sn demonstrated wider 95% CIs than did Sp, which is a function of the lower number of positive samples relative to negative samples. Similar results were generated for admission only and convalescent only samples ( Figures 2D, 2E) , although Sn for convalescent samples was lower due to a number of false negative results. Examination of InBios Scrub Typhus Detect™ IgM ELISA results using mSTIC comparator reference results indicated that the selection of the most appropriate cut-off OD was in the range 0.75-1.25 (Table 2 and Figure 2A-C) , with the exact cut-off value depending on a compromise between Sn and Sp (i.e., highest simultaneous Sn and Sp values). For admission samples, the best compromise Sn/Sp (Sn 91.5%, Sp 92.4%) was 1.25 OD (Figure 2A) , with the same Sn but marginally higher Sp than at cut-off values 0.75 and 1.0 (90.9% and 88.3%, respectively) ( Table 2 ). Considering the convalescent samples, the best compromise of Sn/Sp was 0.75 OD with values of 69.8% for Sn and 89.5% for Sp ( Figure 2B ). Considering all samples, the best compromise of Sn/Sp was 0.75 OD with values of 82.3% for Sn and 88.9% for Sp; however, increased cut-off values resulted in slightly lower Sn but increased Sp (Table 2 and Figure 2) . Examination of subgroups of mSTIC data, IFA, and PCR demonstrated similar results ( Figure 2D-I) , and so did the reference mSTIC comparator with the exception that for admission samples, the IFA comparator results ( Figure 2D ) demonstrated higher sensitivities. Table 2 . Sensitivity, specificity, and area under receiver operator characteristic curve (AUROCC) results for admission, convalescent, and all samples for a range of diagnostic cut-off values of the InBios Scrub Typhus Detect™ IgM ELISA for IFA ≥1:3200 on admission or 4-fold rise to ≥3200. The shaded sections indicate the suggested cut-off OD for Chittagong, Bangladesh. 
Sample Timing
Discussion
Here we estimated the accuracy of the InBios Scrub Typhus Detect™ IgM ELISA. The ELISA was compared with a number of diagnostic modalities to determine the optimal diagnostic cut-off values for acute scrub typhus diagnosis and cross-sectional sero-epidemiology studies using well-characterized, prospectively-collected samples from fever patients in Chittagong, Bangladesh.
The diagnostic cut-off value suggested in this study (i.e., 0.75-1.25) is similar to that reported in previous research. Previous studies have examined the suitability of diagnostic cut-off values for the InBios Scrub Typhus Detect™ IgM ELISA in other geographic settings. The selection of the absolute cut-off value is dependent of the application (i.e., acute clinical diagnosis or cross-sectional sero-prevalence study) and the requirements for increased sensitivity or specificity, or a compromise between both. A study from Northern Thailand (Chiangrai) [15] determined that the OD cut-off value should be between 0.3 and 0.6 depending on the reference comparator and the cut-off threshold. Other studies conducted mainly in India using the same test have suggested cut-offs of 0.5 [16] , 0.89 [17] , and 1.0 [18] . The determination of the cut-off value is highly dependent on the samples assessed and the reference assays used. All of these studies highlighted the problems associated with high background antibody titers and the need to increase the cut-off to reduce false positivity. A few samples from patients with strongly positive IFA titres had negative InBios Scrub Typhus Detect™ IgM ELISA ODs. The reasons for this are unclear and may be related to antibodies reacting against targets other than the 56-kDa antigen, which is solely present in the ELISA. Results presented in this study demonstrate the difficulties associated with scrub typhus serology in an endemic setting. A recent evaluation of the most suitable positivity cut-off value for serological diagnosis in endemic settings demonstrated the need to increase the cut-off titer from the previously applied 1:400 [19] to reduce the likelihood of false-positive results. False-positive results may be due to a number of factors, including cross-reacting antibodies with related infectious agents such as other intracellular pathogens, non-specific immune stimulation, and residual or background antibodies from previous infections. Recent studies in Chiangrai, Thailand determined that diagnostic cut-off titers for scrub typhus IgM IFA needed to be increased to ≥1:3200 to reduce the possibility of false positivity to maintain acceptable levels of sensitivity and specificity [7] .
In this study, we evaluated the results of the InBios Scrub Typhus Detect™ IgM ELISA against a group of conservative diagnostic modalities: (i) PCR alone, (ii) IFA ≥1:3200 on admission, (iii) IFA ≥1:3200 on admission or 4-fold rise to ≥3200, and (iv) combination of PCR and IFA positivity (i.e., i + ii + iii). Using a number of approaches including calculating the mean + 3 SD, comparing with a number of diagnostic modalities including reference serology, PCR, and a combination of both, it is clear that applying a relatively high (stringent) diagnostic cut-off value provides increased diagnostic accuracy with high sensitivity and specificity, in the majority of cases approaching 90% or greater. Lowering the diagnostic cut-off values and using those applied elsewhere runs the risk of false positivity and underlines the need for local assessment of new diagnostic tests where there is an endemic situation with high levels of residual antibodies in the general population.
The geographic variation in antigenic composition may contribute to discrepancies in assay specificity depending on local O. tsutsugamushi strains causing disease. The InBios Scrub Typhus Detect™ IgM ELISA purportedly uses a mixture of recombinant p56-kDa Karp, Kato, Gilliam, and TA716 strain antigens whilst the IFA slides used only have Karp, Kato, and Gilliam strains [8, 15] . The O. tsutsugamushi strains that cause disease in Chittagong, Bangladesh have recently been genetically characterized as Karp, Gilliam, Kato, and TA763-like strains, with a dominance of Karp-like strains [12] , although additional studies are required in other geographic centers.
To gain a better understanding of the diagnostic characteristics of ELISA, novel diagnostic and other diagnostic modalities, additional prospective studies are required to validate proposed diagnostic cut-off values in various geographic settings.
